Introduction
The activation of mast cells and basophils by aggregated IgE is a key mechanism for inducing acute allergic reactions such as anaphylaxis and attacks of atopic asthma. These reactions are triggered by antigen-induced crosslinking of IgE bound to high affinity Fc receptors (FcεRI) on the surface of mast cells and basophils. FcεRI aggregation activates signalling cascades that promote many cellular effects including the release of preformed mediators of allergic reactions, the synthesis of pro-inflammatory lipid mediators and the synthesis and secretion of cytokines (reviewed in (Galli et al., 2005; Gilfillan and Tkaczyk, 2006; Kawakami and Galli, 2002) ).
FcεRI does not possess enzymatic activity but crosslinking with IgE and antigen does induce the activation of cytoplasmic protein tyrosine kinases of the Src, Syk and Tec families.
The initiating kinase is the Src family member Lyn, which phosphorylates tyrosine residues in the immunoreceptor tyrosine-based activation motifs (ITAMs) of the β and γ subunits of FcεRI that recruit Syk and additional Lyn molecules through interactions with their SH2 domains. Syk is then activated by Lyn, or newly activated Syk, enabling it to phosphorylate many downstream substrates. These Syk substrates, which include LAT (linker for activation of T cells), LAT2, SLP-76 (SH2-containing leukocyte protein of 76kDa) and Vav, activate pathways involving PLCγ, Rac, Ras, JNK and p38 (Hendricks-Taylor et al., 1997; Manetz et al., 2001; Saitoh et al., 2000; Volna et al., 2004; Zhu et al., 2004) . The adaptor protein Gab2 (Grb2-associated-binder-2) has also been identified as an activator of the PI 3-kinase pathway in response to FcεRI engagement (Gu et al., 2001 ). Interestingly Gab2 is phosphorylated by the Fyn kinase which is required for the activation of Akt (Parravicini et al., 2002) . Together these signalling pathways contribute to induce the release of preformed histamine and the synthesis of multiple cytokines. Although many of these cytokines have protective roles in the clearance of bacteria and parasites, the overproduction of inflammatory cytokines such as TNF-α, TGFβ, IL-6 and monocyte chemotactic peptide-1 (MCP-1) can mediate damaging effects by promoting allergic and inflammatory reactions (reviewed in (Galli, 1993; Galli et al., 2005) ).
It is clear that the activity of Syk is pivotal for triggering signalling responses in IgEactivated mast cells (Costello et al., 1996; Oliver et al., 1994; Zhang et al., 1996) thus providing a plausible target for suppressing pathogenic effects of allergic and inflammatory responses. The Cbl family of E3 ubiquitin ligases have emerged as candidates for inhibiting the activity of Syk by directing its ubiquitylation (Paolini et al., 2002; Rao et al., 2001 ). This E3 ubiquitin ligase activity is conferred by a RING finger domain that recruits ubiquitin conjugating enzymes (E2s) which then transfer associated ubiquitin molecules to the targeted substrate (Joazeiro et al., 1999; Levkowitz et al., 1999) . Cbl proteins also possess numerous protein-protein interaction domains that serve to identify Cbl-specific substrates as well as recruiting additional signalling proteins to activated receptor complexes (Duan et al., 2004; Schmidt and Dikic, 2005; .
The mammalian Cbl family consists of three homologues, c-Cbl, Cbl-b and Cbl-3, and interestingly studies comparing bone marrow-derived mast cells (BMMC) from c-Cbl and Cbl-b knockout mice have revealed Cbl-b as the dominant protein that negatively regulates FcεRI signalling (Gustin et al., 2006; Zhang et al., 2004) . This finding was intriguing since Cbl-b and c-Cbl are very similar proteins and c-Cbl can very effectively ubiquitylate and negatively regulate Syk and FcεRI in in vitro studies (Ota et al., 2000; Ota and Samelson, 1997; Paolini et al., 2002; Rao et al., 2001) . However the marked enhancement of FcεRI signalling by the loss of Cbl-b may simply be a consequence of the greater abundance of Cblb relative to c-Cbl protein in BMMCs (Gustin et al., 2006) . It is evident from over-expression studies of c-Cbl and Cbl-b in the basophilic cell line RBL-2H3 that the RING finger domain is necessary for the negative regulation of FcεRI signalling (Ota and Samelson, 1997; Paolini et al., 2002; Qu et al., 2004) . It was therefore surprising that a study comparing RBL-2H3 cells over-expressing membrane-targeted wildtype Cbl-b or a RING finger mutant (i.e. Cbl-b C373A) found that while the RING finger mutant was unable to suppress the activity of any signalling proteins examined it could still suppress the induction of TNF-α and IL-6 mRNA as effectively as wild-type Cbl-b (Qu et al., 2004) . This suggested that Cbl-b regulates a yet to be identified pathway that is involved in the induction of inflammatory cytokines through a RING finger independent mechanism. This finding was of interest because our recent analysis of BMMCs from the Cbl-b knockout mouse showed that the most striking effect of the loss of Cbl-b was the marked enhancement in the induction of TNF-α, IL-6 and MCP-1 in response to FcεRI crosslinking (Gustin et al., 2006) .
In this study we sought to clarify the role of the RING finger by generating a gene targeted mouse with the C373A loss-of-function mutation in the RING finger domain of Cblb and compared the effects of this mutation in BMMCs with that of the Cbl-b knockout. We find that BMMCs derived from the RING finger mutant are very similar to the Cbl-b knockout in the enhancement of many FcεRI signalling responses, with a marked exception being the activation of IκB kinase (IKK) which is minimally affected by the loss of RING finger domain function. Significantly, we also find that the loss of a functional RING finger domain in Cbl-b does not markedly affect its ability to negatively regulate the production of TNF-α, IL-6 and MCP-1. Thus Cbl-b's negative regulation of FcεRI signalling responsible for the production of inflammatory cytokines is largely independent of its E3 ligase activity and likely to involve suppression of NFκB signalling.
Materials and Methods

Generation of Cbl-b(C373A) knockin mice
The generation of Cbl-b deficient mice has previously been described (Bachmaier et al., 2000) . Normal control mice were obtained from our C57BL/6J x129Sv/J intercross breeding stocks. The Cbl-b(C373A) knockin mice were generated by Ozgene Pty Ltd (Australia).
Briefly, a targeting vector introducing the Cys (TGC) -> Ala (GCG) substitution at amino acid 373 (Fig.1B) was constructed using PCR fragments generated from 129Sv/J genomic DNA. Correctly targeted ES cell clones were identified by Southern blotting using 5' and 3' probes as indicated and used to establish 2 founder lines on a 129Sv/J x C57Bl/6 background.
Excision of the loxP-flanked pGKNeo cassette was induced by mating with C57Bl/6 Cre deleter transgenic mice. Mice were genotyped by PCR using a combination of primers a-e (Fig. 1B) to detect wt and C373A targeted alleles and to confirm deletion of the pGKNeo cassette.
Primer sequences: b, c, d, e, . Mouse experiments were performed in accordance with the Animal Ethics Committee at UWA (approval 03/100/275).
Cell culture and antibodies
Tissue culture flasks were obtained from Nunc (Roskilde, Denmark) and tissue culture media and supplements from ThermoTrace (Melbourne, Australia). Recombinant mouse IL-3 was a gift from Dr. Ian Young (JCSMR, Canberra) and DNP-BSA was obtained from Molecular Probes (Eugene, OR). Affinity purified mouse anti-DNP IgE was a gift from Drs. Janet
Oliver and Bridget Wilson and has been previously described (Wilson et al., 2000) . Mouse anti-Cbl-b (sc-8006) was purchased from Santa Cruz. Mouse anti-phosphotyrosine (4G10) was a gift from Dr. Brian Druker (Oregon Health Sciences University), and mouse anti-actin (A4700) was bought from Sigma. Rabbit anti-phospho-LAT (Y191), phospho-PKD (Ser916), phospho-PLCγ1 (Y783), phospho-IKK-α/β(Ser176/180), and IKK-α were from Cell Signalling Technology. FITC conjugated rat anti-mouse IgE and FITC-conjugated rat antimouse c-Kit (CD117) were purchased from BD Pharmingen.
Bone marrow-derived mast cells from mice
All experiments were performed in accordance with the Animal Ethics In all BMMC cultures we used the recommended concentration of 2,000 units/ml where 10 units is the amount of cytokine required to give 50% proliferation of IL-3 dependent cells in a 1ml assay volume. The cells were split weekly into fresh media and tissue culture flasks at 5x 10 5 cells/ml. By four weeks of culture more than 97% of the cells expressed uniformly high levels of FcεRI and c-Kit.
Mast cell stimulation and immunoblotting
BMMCs at 2 x 10 6 cells/ml were stimulated by firstly priming with 1 µg/ml of IgE anti-DNP for 4-10 h in complete media followed by washes and resuspension in Tyrodes buffer (10mM HEPES pH 7.4, 130mM NaCl 2 , 1.4mM CaCl 2 1mM MgCl 2 , 5mM KCl, 5.6 mM glucose and 0.1% BSA) at 10 7 cells/ml. The antibody-primed BMMCs were activated by the addition of 10 ng/ml of DNP-BSA and incubation at 37C for 2 -30 min. The BMMCs were lysed in noctyl-β-D-glucopyranoside/NP-40 lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1 mM sodium orthovanadate, 0.2% NP-40, 60mM n-octyl-β-D-glucopyranoside (Sigma), 10 µg/ml aprotinin, 1 mM sodium orthovanadate, 10 mM NaF, and 1 µg/ml each of chymostatin, leupeptin and pepstatin). After incubating for 15 min on ice, lysates were cleared by centrifugation at 3000g for 8 min and prepared for SDS-PAGE. Lysates were analyzed by immunoblotting as previously described (Thien et al., 1999) . Quantitation of 
Cytokine assays
BMMCs were primed with IgE anti-DNP as described above, washed and then cultured in complete media with 10 ng/ml DNP-BSA in 24 wells plates at 2 x 10 6 cells/ml in 0.5 ml for the indicated times. Supernatants were assayed for cytokine production using BD Cytometric Bead Array kits for mouse inflammatory cytokines (for detection of IL-12, IFN-γ, TNF-α, MCP-1 and IL-6) or Bender Flowcytomix Simplex kits (for detection of IL-17, TNF-α and IL-6) according to the manufacturer's recommendations (BD Biosciences and Bender MedSystems, respectively). The beads were analyzed using a FACSCalibur flow cytometer and the data was analyzed using BD CBA software or Bender FlowCytomixPro 1.0 software.
Flow Cytometry
Cell surface expression of FcεRI and c-Kit were analyzed by a FACSCanto flow cytometer (BD Biosciences). Cells were incubated without IL-3 for 6 h before antibody staining. To determine FcεRI levels the cells were primed with anti-DNP IgE as described above and IgE binding was detected with a FITC conjugated rat anti-mouse IgE (BD Pharmingen). Cells were collected using CellQuest software (BD) and further analyzed using FlowJo (Tree Star Inc). To assay for FcεRI internalization 10 6 BMMCs in 0.5 ml were primed with IgE anti-DNP in medium and stimulated with 10 ng/ml of DNP-BSA in Tyrodes buffer at 37 C as described above. Receptor internalization was terminated over a range of times by adding 1 ml of ice-cold FACS buffer (PBS/1% FCS with 0.5 mg/ml NaN 3 ). Surface FcεRI levels at each time point were determined by staining with FITC conjugated rat anti-mouse IgE and flow cytometry.
Pharmacological inhibitors
BMMCs were primed with IgE anti-DNP as described above, washed and then cultured in complete media with or without inhibitors for PKC, PKC/PKD and PLCγ for 30 min at 37˚C before the addition of DNP-BSA. At various time points supernatants were harvested for the analysis of cytokine production. The inhibitors were purchased from Alexis Biochemicals and used as previously described, i.e. 400 nM for Gö6976, 200 nM for Ro-31-8220 and Gö6850, and 5 µM for U-73122 (Dequiedt et al., 2005) . Cycloheximide (Sigma-Aldrich) was used at 5 µg/ml for 1 h before addition of DNP-BSA.
Results
A loss-of-function mutation in the Cbl-b RING domain does not affect the viability of mice
Mutant mice were generated with a Cys to Ala substitution at position 373 (i.e.
C373A) located at the amino-terminus of the RING finger domain of Cbl-b ( Fig. 1A and B, and Materials and Methods). Heterozygous C373A Cbl-b mice which we term +/BR (i.e. BR for B RING) were mated and litters genotyped by PCR analysis of genomic DNA (Fig. 1C) .
Immunoblotting of lysates from BMMC derived from wild-type and BR/BR mice with an anti-Cbl-b monoclonal antibody showed that Cbl-b protein levels are not affected by the C373A mutation (Fig. 1D ).
Matings of +/BR mice gave the expected proportion of viable and healthy homozygous BR/BR offspring (i.e. of 274 mice produced 24% were genotyped as BR/BR, 52% +/BR and 24% +/+). This is in marked contrast to the equivalent c-Cbl RING finger mutation where most homozygotes die in utero after day E14 and represent only 5% of live births from heterozygous matings . Furthermore of these ~25% do not survive the first 24 hours after birth. This profound effect of the c-Cbl mutation on viability was considered to be due to the mutant protein acting as a dominant for Cbl-b since neither single knockout is lethal yet the double c-Cbl/Cbl-b knockout is lethal before day E10.5 (Liu and Gu, 2002) . The current finding that the Cbl-b RING finger mutation does not affect embryonic survival indicates that the dominant negative hypothesis as the explanation of embryonic death in c-Cbl RING finger mutant mice should be re-evaluated. Indeed the hypothesis that enhanced signalling by the c-Cbl RING finger protein itself causes embryonic death now appears more probable. In addition BR/BR mice do not have darker coat colors like the equivalent c-Cbl RING finger mutants , suggesting functional differences between the two homologues in regulating melanocyte signalling.
Enhanced FcεRI signalling in Cbl-b deficient and RING finger mutant mast cells
It has previously been shown that Cbl-b is a key component in the negative regulation of signalling responses by FcεRI-activated mast cells (Gustin et al., 2006; Qu et al., 2004; Zhang et al., 2004) . To investigate whether a functional RING finger domain is required for this regulation we established BMMC cultures from wild-type, Cbl-b-/-and BR/BR mice and compared their signalling responses after priming with IgE anti-DNP and stimulating with DNP-BSA. Compared to BMMC lysates from wild-type mice, those from Cbl-b-/-and BR/BR mice showed higher levels of protein tyrosine phosphorylation at both the early time point of two minutes and the later time of 20 minutes following antigenic activation ( Fig. 2A) .
The enhanced phosphotyrosine signal in Cbl-b-/-mast cells is consistent with previous studies (Gustin et al., 2006; Zhang et al., 2004) and this analysis has shown the RING finger domain to be an important component in regulating the strength of the FcεRI signal that activates Lyn and Syk. We also consistently observed slightly higher levels of tyrosine phoshorylation in lysates from Cbl-b-/-cells compared to BR/BR cells, suggesting that domains outside the RING finger contribute to the negative regulation of FcεRI signalling by Cbl-b.
The comparative strengths of FcεRI signalling in the three BMMC lines were analysed in greater detail by immunoblotting with specific anti-phosphotyrosine antibodies to PLCγ1 and LAT. Analysis of phospho-PLCγ1 revealed higher levels of activation in both Cbl-b-/-and BR/BR mast cells compared to wild-type cells and this signal was sustained over 20
minutes following the addition of antigen (Fig. 2B ). This was confirmed by densitometry which showed a 50% decrease in phospho-PLCγ1 signal from 2 to 20 minutes in wild-type cells whereas in Cbl-b-/-and BR/BR mast cells this decreased by only 13% and 21%
respectively. Analysis of LAT phosphorylation two minutes after antigenic stimulation revealed similar levels of activation between wild-type, BR/BR and Cbl-b-/-mast cells however by 20 minutes the levels in BR/BR and Cbl-b-/-mast cells were 10 and 20 fold higher respectively indicating a more sustained signal (Fig. 2B) . Interestingly the antiphosphotyrosine immunoblot in Fig. 2A showed a comparatively greater phospho-LAT signal for Cbl-b-/-BMMCs at the 2 minute time point than with anti-phospho-LAT Y191 (Fig. 2B ).
Densitometry confirmed this observation by revealing a 2.7 and 2.2 fold greater signal for
Cbl-b-/-than wild type and BR/BR mast cells respectively, whereas phospho-LAT Y191 only revealed a 1.2 fold increase (Fig. 2B ). This difference is most likely due to enhanced tyrosine phosphorylation on sites other than Y191 and it would therefore be interesting to obtain antibodies that recognize the other phosphorylated tyrosines residues in LAT. It should also be noted that Cbl-b-/-and BR/BR mast cells showed a higher level of constitutive phosphorylation of PLCγ1 and LAT compared to wild-type cells, an observation consistent with the anti-phosphotyrosine immunoblot in Fig. 2A .
Marked enhancement in the activation of IκB kinase in Cbl-b deficient mast cells
We recently found that antigen-stimulated Cbl-b-/-mast cells exhibited a very high level of phosphorylation of IKKα/β (Gustin et al., 2006) , the kinase complex responsible for the release of inactive NFκB into the nucleus. It was therefore important to establish whether the RING finger domain of Cbl-b is involved in the negative regulation of IKKα/β activation.
Immunoblotting with antibodies directed against phosphorylated serines in the activation loop revealed that IKKα/β activation occurred more rapidly and was markedly higher in Cbl-b-/-mast cells compared to either wild-type or BR/BR cells (Fig. 2C ). This finding represents the most distinctive signalling difference we have observed between the two Cbl-b mutants to date. Fig. 2C also shows that Cbl-b has a profound effect in modulating IKKα/β activation since as shown here, and elsewhere, the time for maximal activation in Cbl-b knockout cells precedes that required in wild-type cells (Gustin et al., 2006) . These findings implicate Cbl-b as key component in regulating the magnitude and kinetics of IKKα/β activation but suggest that the RING finger does not play a significant role in this regulation.
An upstream activator of IKK is the serine/threonine kinase protein kinase D (PKD, also known as PKCµ) (Storz et al., 2004; Storz and Toker, 2003) . PKD is also activated in mast cells in response to FcεRI crosslinking and its catalytic activity can be efficiently monitored by the auto-phosphorylation of a C-terminal serine at residue 916 (Matthews et al., 2000) . Immunoblotting with phospho-Ser916 antibodies showed a similar pattern to that observed for phospho-LAT where densitometry readings revealed an equivalently strong initial signal in wild-type cells at two minutes that decreased by 80% at 20 minutes (Fig. 2C) .
In , and IL-12p70 and, as previously found, the production of these cytokines by Cbl-b-/-mast cells was not enhanced ( (Gustin et al., 2006) and data not shown).
We also tested whether the enhanced production of inflammatory cytokines by Cbl-b-/-mast cells is regulated is dependent on de novo protein synthesis by pre-incubating and culturing in the presence of the protein synthesis inhibitor cycloheximide. This treatment was found to almost completely inhibit the production of MCP-1, TNF-α, and IL-6 thus indicating that the high levels of these cytokines are due to the synthesis of new protein (data not shown). This finding is consistent with our previous study showing that the enhanced release of cytokines by Cbl-b-/-mast cells is not due to higher levels of preformed cytokines, since low and equal levels of intracellular TNF-α and IL-6 were observed in unstimulated Cbl-b-/-and wild type mast cells (Gustin et al., 2006) .
Loss of Cbl-b RING finger domain function does not result in a sustained block to FcεRI internalization
Blocking the internalization and downregulation of antigen and growth factor receptors invariably results in a prolonged signalling response. We recently found that Cbl-b deficient BMMCs have a reduced ability to internalize FcεRIs following antigen crosslinking suggesting that this perturbation may contribute to enhanced and sustained signalling (Gustin et al., 2006) . Differential effects on receptor internalization might underlie the minimal impact of the RING finger mutant compared to the Cbl-b knockout on inflammatory cytokine production as seen in Fig. 3 . We therefore compared the kinetics of antigen-induced FcεRI internalization of wild-type, BR/BR and Cbl-b knockout mast cells in order to examine the role of the RING finger domain in this process. We found that the loss of cell-surface receptor over the initial 5 minutes after antigen crosslinking was retarded in BR/BR cells when compared to wild-type cells, but this perturbation was less pronounced than in Cbl-b knockout cells (Fig. 4) . From this time on however BR/BR cells showed no apparent deficiency in their ability to progress with the internalization process, and by 20-30 minutes the BR/BR cells had similar receptor levels to wild-type cells as determined by geometric mean fluorescence (Fig. 4) . In contrast, Cbl-b knockout BMMCs maintained a profound defect in FcεRI internalization to the extent where they retained double the receptors on their surface compared to the two other cell lines. As previously found no additional internalization was detectable after 30 minutes of stimulation (Gustin et al., 2006) .
Changes in FcεRI signalling intensities that affect inflammatory cytokine production are not linked to altered FcεRI internalization
The results shown in Fig. 4 suggest that a possible cause of the high levels of inflammatory cytokines produced by Cbl-b-/-mast cells could be the block to FcεRI internalization which would result in a prolonged signal. It has been reported that lower concentrations of DNP can be optimal for triggering strong signalling responses, including the induction of some inflammatory cytokines, whereas higher concentrations can result in less intense responses and reduced production of some cytokines (Gonzales-Espinosa et al., 2003) .
We therefore utilized this approach to investigate whether high concentrations of DNP-BSA are more effective, and low concentrations less effective, in promoting FcεRI internalization.
If this were so it could provide a causal link to changes in cytokine production.
To test that high concentrations of DNP-BSA reduce inflammatory cytokine production we stimulated wild-type and Cbl-b-/-BMMCs with a range of concentrations of DNP-BSA and harvested the culture supernatants after 19 hours. In wild-type cells increasing the DNP-BSA concentrations from 10 to 100 ng/ml resulted in a 75% reduction in the production of TNF-α and IL-6, while treatment with 1000 ng/ml resulted in a 90% reduction of both (Fig. 5A, top panels) . The effect of increasing DNP-BSA concentrations on MCP-1 production was less pronounced however a progressive inhibitory effect was clearly evident with a 50% reduction at the maximal concentration of 1000 ng/ml compared to 10 ng/ml. The production of these cytokines by Cbl-b-/-mast cells was also inhibited by high antigen concentrations, but compared to wild-type cells the proportional decrease was less pronounced (Fig. 5A, lower panel) . This effect may be attributed to the marked differences in the magnitude of responses between these two cell lines (n.b. the different scales of the Y axes in Fig. 5A ), however it is clear that both are susceptible to changes in signal strength by varying the concentration of antigen. 
PKD is essential for the production of inflammatory cytokines
The identification of PKD as a prominent target of sustained signalling in Cbl-b mutant mast cells (Fig. 2C ) prompted us to test whether the activity of PKD is a requirement for the production of inflammatory cytokines. This analysis was undertaken by testing the effects of a range of inhibitors on the production of cytokines from Cbl-b-/-and BR/BR mast cells. The IgE-primed cells were pre-incubated with inhibitors for 30 minutes prior to the addition of DNP-BSA and the harvesting of culture media at 5 or 16 hours post stimulation ( Fig. 6A and B respectively). Treatment with Gö6976, an inhibitor of classical PKCs and PKD, clearly prevented cytokine production as shown by the complete block in the production of TNF-α and IL-6, while MCP-1 production was reduced more than 70% ( Fig.   6A and B) . In contrast two other inhibitors that are selective for classical and novel isoforms of PKC, but not PKD, (i.e. Ro-31-8220 and Gö6850) were ineffective at blocking FcεRI-induced cytokine production ( Fig. 6A and B) . Not surprisingly, inhibition of PLCγ1 with U-73122 induced a total block in cytokine production. It was also apparent that the extent of inhibition by Gö6976 and U-73122 was comparable for Cbl-b-/-and BR/BR BMMCs.
Overall these results indicate that the activities of PKD and PLCγ1 are required for the induction of inflammatory cytokines in response to FcεRI crosslinking, however since their activation is not markedly different between the Cbl-b mutants it is unlikely they are responsible for the excessive cytokine production by Cbl-b-/-mast cells.
Discussion
The ability of the RING finger domain of Cbl proteins to associate with E2 ubiquitin conjugating enzymes is essential for their function as E3 ligases (Joazeiro et al., 1999; Levkowitz et al., 1999) . Therefore studies of Cbl proteins with RING finger mutations that disrupt this association provide a means to identify Cbl substrates and characterize signalling pathways that are subsequently affected. This approach is well illustrated in a recent study comparing thymocytes from c-Cbl RING finger mutant mice with thymocytes from c-Cbl knockout mice where increased levels of antigen receptors and Src family kinases were found to be equivalently enhanced in both mutants . This analysis provided a clear demonstration that the absence of E3 ligase activity, and not the loss of other domains within c-Cbl, was the cause of these phenotypic changes. Here we carried out a similar comparative study by generating a knockin mouse with a loss-of-function mutation in the Cbl-b RING finger domain to determine whether enhanced FcεRI signalling seen in Cbl-b deficient BMMCs can be attributed to the loss of E3 ligase activity. We find that following FcεRI crosslinking, the activation of the protein tyrosine kinases Lyn and Syk, as measured by immunoblotting with anti-phosphotyrosine, anti-phospho-LAT and anti-phospho-PLCγ1
antibodies, is enhanced and prolonged in mast cells from both Cbl-b mutants compared to wild-type cells ( Fig. 2A and B) . However in all experiments the Cbl-b deficient mast cells invariably displayed a greater level of activation than cells derived from the RING finger mutant. These experiments demonstrate that the RING finger domain of Cbl-b does play an important role in the negative regulation of FcεRI-mediated activation of tyrosine kinase signalling but indicate that an additional domain or domains contribute to this regulatory function.
In our recent study comparing wild-type BMMCs with those derived from Cbl-b and c-Cbl knockout mice the most striking difference we found was the large induction of TNF-α, IL-6 and MCP-1 in Cbl-b knockout cells in response to FcεRI aggregation (Gustin et al., 2006) . It was therefore of interest to determine whether this markedly deregulated production of inflammatory cytokines could be attributed to the loss of Cbl-b E3 ligase activity. We found that the RING finger domain had a limited role in negatively regulating the pathway that promotes the induction of these three cytokines (Fig. 3) . This outcome was somewhat unexpected because we presumed that the E3 ubiquitin ligase activity of Cbl-b would invariably impact on all signalling responses that are linked to the activation of protein tyrosine kinases. Indeed, as mentioned above, we had previously shown that the equivalent loss-of-function mutation in c-Cbl recapitulated the enhanced tyrosine kinase signalling seen in the c-Cbl knockout, thus illustrating the importance of E3 ligase activity for c-Cbl function . As shown in this study this is clearly not the case for Cbl-b. These findings therefore provide functional evidence of a mammalian Cbl protein evolving from its invertebrate orthologue to develop a regulatory role that is independent of E3 ligase activity.
This conclusion is supported by findings from the Komeda diabetes-prone (KPD) rat that expresses a Cbl-b protein with a large C-terminal truncation but it retains a functional RING finger domain (Yokoi et al., 2002) . The study identified Cbl-b as a major susceptibility gene for insulin-dependent diabetes and the presence of this mutated form is associated with T cell activation, autoimmune disease and lymphocyte infiltration into pancreatic islets. These observations provide additional evidence that sequences C-terminal to the RING finger constitute an important component to Cbl-b's ability to negatively regulate immune receptor signalling.
The observations that multiple domains are involved in regulating FcεRI signalling are consistent with a study examining the effects of overexpressing c-Cbl constructs in RBL-2H3 basophilic leukemic cells (Ota and Samelson, 1997) . It was found that neither the 70Z-Cbl mutant, which has a mutated RING finger domain, nor a C-terminally truncated Cbl-480 construct, which loses SH3 and SH2-domain binding sites but retains an intact RING finger, could suppress the activation of Syk following FcεRI crosslinking. In contrast a c-Cbl-655 construct that retains both the RING finger and proline-rich SH3 domain-binding region was as effective as wild-type c-Cbl in negatively regulating the activity of Syk. Cbl-b also shares many of the proline motifs that are present in c-Cbl between amino acid residues 481-655 and a study examining a C-terminally truncated Cbl-b protein equivalent to c-Cbl-480 was similarly found not to suppress Syk activation (Qu et al., 2005) . Together these studies implicate the proline-rich region C-terminal to the RING finger domain as a contributing factor in the negative regulation of FcεRI signalling by Cbl-b. Further characterization of this domain by determining the involvement of binding partners will thus be of interest for future studies.
We also found that antigen-induced internalization of FcεRI is more severely retarded in Cbl-b knockout mast cells compared to RING finger mutant cells (Fig. 4) . This is consistent with a recent study showing that the Cbl-interacting protein of 85kDa (CIN85) is involved in promoting antigen-dependent FcεRI endocytosis in RBL-2H3 cells (Molfetta et al., 2005) . CIN85 associates with a distinct proline-arginine motif conserved in the Cterminal regions of both Cbl-b and c-Cbl and this interaction enhances the internalization of numerous cell-surface receptors (reviewed by (Dikic, 2002) ). Since this interaction would be retained in the Cbl-b RING finger domain mutant, but absent in the knockout, this may explain the distinct differences observed in FcεRI internalization between the two mutants.
Interestingly the CIN-85 binding site in Cbl-b is located C-terminal to the main proline-rich domain (Fig. 1A ) so whether the loss of this site in Cbl-b would result in enhanced FcεRI signalling and inflammatory cytokine production remains to be determined. However our findings in Fig. 5 demonstrating that changes to antigen-induced inflammatory cytokine production can occur in the absence of any effects on receptor internalization raises the possibility that loss of the CIN85 binding site may not be a significant factor contributing to the Cbl-b knockout phenotype.
Our analysis with chemical inhibitors clearly demonstrate the importance of PKD and
PLCγ1 activity for inflammatory cytokine production (Fig. 6 ) but the similarity of their activation in the two Cbl-b mutants suggest they are not responsible for the markedly greater cytokine production induced in Cbl-b knockout mast cells. Thus the signalling pathway so effectively regulated by Cbl-b to control the amplitude of inflammatory cytokine production is currently unknown. However it is intriguing that the most differentially enhanced signalling molecule found to date in Cbl-b knockout mast cells compared to the RING finger mutant and the c-Cbl knockout is IKK ( Fig. 2C and (Gustin et al., 2006) ). Interestingly this finding is in marked contrast to a study that examined overexpression of a membrane targeted Cbl-b (C373A) construct in RBL-2H3 cells where it was found that the RING finger mutant did not inhibit the activation IKK whereas membrane targeted wild-type Cbl-b did (Qu et al., 2004) . This conflicting result is likely to be a consequence of the very different experimental systems for examing Cbl-b RING finger domain function.
To our knowledge there has only been one study of the role of IKK in mast cell signalling, and importantly this study found that IKK activity is required for the induction of TNF-α following FcεRI engagement (Peng et al., 2005) . It is well known that the NFκB pathway is required for the production of TNF-α, IL-6 and MCP-1 so it appears that sequences in Cbl-b are involved in regulating the activity of this pathway. However the only published connection to date linking Cbl-b and the NFκB pathway is in T cells where Cbl-b overexpression was found to inhibit NFκB induction in a PI 3-kinase dependent manner (Herndon et al., 2005) . It was hypothesized that this inhibitory effect was mediated by Cbl-bdirected ubiquitylation of p85, the regulatory subunit of PI 3-kinase. However since the effect we observe is largely independent of E3 ligase activity it is not likely to involve p85 ubiquitylation. Furthermore an involvement with the PI 3-kinase pathway is unlikely as we have previously shown there is no enhancement in Akt activation in Cbl-b knockout mast cells compared to wild-type or c-Cbl-/-cells (Gustin et al., 2006) . 
